The relative biomechanical effects of antiresorptive treatment on cortical thickness vs. trabecular bone microarchitecture in the spine are not well understood. To address this, T-10 vertebral bodies were analyzed from skeletally mature female beagle dogs that had been treated with oral saline (n = 8 control) or a high dose of oral risedronate (0.5 mg/kg/day, n = 9 RIS-suppressed) for 1 year. Two linearly elastic finite element models (36-μm voxel size) were generated for each vertebral bodya whole-vertebra model and a trabecular-compartment model-and subjected to uniform compressive loading. Tissue-level material properties were kept constant to isolate the effects of changes in microstructure alone. Suppression of bone turnover resulted in increased stiffness of the whole vertebra (20.9%, p = 0.02) and the trabecular compartment (26.0%, p = 0.01), while the computed stiffness of the cortical shell (difference between whole-vertebra and trabecularcompartment stiffnesses, 11.7%, p = 0.15) was statistically unaltered. Regression analyses indicated subtle but significant changes in the relative structural roles of the cortical shell and the trabecular compartment. Despite higher average cortical shell thickness in RIS-suppressed vertebrae (23.1%, p = 0.002), the maximum load taken by the shell for a given value of shell mass fraction was lower (p = 0.005) for the RIS-suppressed group. Taken together, our results suggest that-in this canine Publisher's Disclaimer: This article appeared in a journal published by Elsevier. The attached copy is furnished to the author for internal non-commercial research and education use, including for instruction at the authors institution and sharing with colleagues. Other uses, including reproduction and distribution, or selling or licensing copies, or posting to personal, institutional or third party websites are prohibited. In most cases authors are permitted to post their version of the article (e.g. model-the overall changes in the compressive stiffness of the vertebral body due to suppression of bone turnover were attributable more to the changes in the trabecular compartment than in the cortical shell. Such biomechanical studies provide an unique insight into higher-scale effects such as the biomechanical responses of the whole vertebra.
Introduction
Antiresorptive therapies have achieved substantial reductions in fracture risk that are not fully explained by changes in areal bone mineral density (Black et al., 2003; Cummings et al., 2002; Delmas, 2000) . Potential differences in therapeutic effects of suppressed bone turnover on cortical vs. trabecular bone may be an important protective mechanism independent of changes in bone density, particularly for the spine given the thin nature but structural importance of the vertebral cortex (Eswaran et al., 2006a, b; Homminga et al., 2001) . The effect of bisphosphonates on cortical shell thickness vs. trabecular bone microarchitecture and the associated changes in the biomechanics of the cortical vs. trabecular compartments in the spine is, therefore, of high clinical relevance.
In humans, in-vivo micro-CT and micro-MRI at peripheral sites can provide microstructural information-at resolutions close to the thickness of individual trabeculae-on treatmentinduced changes in trabecular architecture and cortical thickness (Boutroy et al., 2005; Pistoia et al., 2003; van Rietbergen et al., 2002) , while iliac crest biopsies can provide microstructure information at higher resolution (Borah et al., 2004; Chen et al., 2007) . However, architectural effects of bisphosphonates at the iliac crest are difficult to extrapolate to the vertebra, particularly since trabecular architecture is so heterogeneous between these two sites (Amling et al., 1996; Chen et al., 2007; Eckstein et al., 2007) . High-resolution clinical CT has been used to measure treatment effects on trabecular microarchitecture at the spine, but the resolution is relatively coarse and cortical thickness or biomechanical measurements have not yet been reported (Graeff et al., 2007) . Regular clinical CT has been used in combination with finite element modeling to address treatment effects on cortical and trabecular compartments at the spine by computing the effects of removal of peripheral bone in the vertebral body .
As a result of these various limitations in the human studies, important insight on treatment effects can be gained from animal studies. Micro-CT, with and without finite element modeling, has been used in rat (Ito et al., 2002) , monkey (Fox et al., 2007; Muller et al., 2004) , and canine studies (Day et al., 2004; Ding et al., 2003; Eswaran et al., 2007) to investigate treatment effects on trabecular microarchitecture and whole-bone strength but not on cortical thickness. Using a canine model, Allen et al. (Allen et al., 2006c; Allen and Burr, 2008) found no significant change in the whole-vertebral strength per unit areal BMD (measured by DXA) due to bisphosphonate treatment-suggesting that increased mechanical strength was due entirely to increased density without changes in bone quality (Hernandez and Keaveny, 2006 )-but did not parse out the individual contributions of the trabecular bone and cortical shell. Thus, at this juncture, there is uncertainty regarding the effect of bisphosphonates on cortical shell thickness vs. trabecular bone microarchitecture, and how this affects the relative biomechanical properties of the vertebral trabecular vs. cortical compartments.
Our overall goal was to address this issue using a large animal model. We performed highresolution micro-CT scans and finite element modeling of vertebrae excised from dogs that had been treated with high doses of risedronate or vehicle. Our specific objectives were to determine the effect of turnover suppression on (1) cortical thickness, trabecular microarchitecture, and the relative masses of these two compartments; and (2) the relative load sharing between the trabecular and cortical bone. This study is unique because it is the first to investigate the biomechanical effects of microstructural changes induced by suppressed bone turnover with particular emphasis on cortical vs. trabecular load sharing.
Methods
Details of the experimental design have been published previously (Allen et al., 2006b) . Briefly, female beagle dogs, aged 1-2 years, were given oral saline (control group, n = 10) or a high dose (0.5 mg/kg/day) of oral risedronate (RIS-suppressed group, n = 10) daily for a period of 1 year. This dosage of risedronate is five-fold higher than the clinical dose used to treat post-menopausal osteoporosis (equivalent to the dose used to treat Paget's disease) and was chosen to maximize suppression of bone turnover. Turnover suppression in the vertebra was significantly greater with this higher dose of risedronate compared to the dose equivalent to that used for treatment of post-menopausal osteoporosis (Allen et al., 2006b) . After retrieval, the T-10 vertebral bodies were scanned at 18 μm voxel size using micro-CT (Scanco 80, Basserdorf, Switzerland), thresholded using a global threshold value chosen based on an adaptive threshold algorithm (provided as part of the scanner), and region-averaged to 36 μm voxel size. Two specimens from the control group and one from the RIS-suppressed group were eliminated from this study since they exhibited artifactual endplate damage.
An averaging technique (Eswaran et al., 2006a, b) was used within an image processing software (IDL, Research Systems Inc., Boulder, CO) to identify the cortical shell in the region excluding the endplates (Fig. 1) . The average thickness of the anterior cortical shell (Ct.Th) was determined using custom code (Eswaran et al., 2006a, b) , the anterior half being chosen for measurement in order to avoid any errors due to the presence of the basivertebral foramen. Two cylindrical cores (diameter = 3.5 mm, height = 6 mm nominal dimensions) were virtually removed from each scan such that the basivertebral foramen and the cortex were avoided (Eswaran et al., 2007) . Trabecular microarchitecture data obtained from the two cores were averaged per vertebra. An average cross-sectional area of the vertebral body was calculated as the average of the cross-sectional areas of 1-mm-thick transverse slices located at 25% and 75% of the vertebral height.
The shell mass fraction was calculated as the shell mass divided by the total bone mass in the region excluding the endplates. The total bone mass was calculated as the total volume of bone elements multiplied by an assumed uniform tissue density of 2.05 g/cm 3 (Morgan et al., 2003) for all bone elements. While there is evidence that bisphosphonates increase the mineralization in trabecular bone (Allen et al., 2006b; Boivin et al., 2000; Burr et al., 2003; Roschger et al., 2001 ), we deliberately eliminated this effect in the models in order to evaluate the mechanical consequences of suppression-induced changes only within the microstructure. The same tissue-level elastic properties-a Young's modulus E of 18.5 GPa and a Poisson's ratio ν of 0.3 -were assigned to all specimens in both the control and RISsuppressed groups in order to eliminate any treatment effects on tissue-level material properties, thereby providing tissue-normalized outcomes. A layer of PMMA (E = 2500 MPa, ν = 0.3 (Lewis, 1997)) was added over the endplates of the vertebral body to provide uniform loading conditions across all vertebrae and to simulate commonly used laboratory test conditions (Crawford et al., 2003) .
Using custom code with a parallel mesh partitioner and multigrid solver (Adams et al., 2004) , two linear finite element analyses were performed for each vertebra-an intact whole-vertebra model, and a trabecular-compartment model consisting of the entire vertebra but with the cortical shell being virtually removed. Each model had approximately 40-110 million degrees of freedom and analyses were run on an IBM-SP4 supercomputer (Datastar, San Diego) using a maximum of 320 processors in parallel, requiring a total of approximately 1700 CPU hours.
From the architectural analysis, the relationship between average cortical shell thickness and mean trabecular thickness was determined. From the finite element analyses, the tissuenormalized stiffness of the whole vertebra and the trabecular compartment were computed. The stiffness of the cortical shell was computed as the difference between the whole-vertebra stiffness and trabecular-compartment stiffness. The shell load fraction (defined as the ratio of shell load to total load) was calculated for each transverse cross-section and plotted as a function of axial position for the intact model (Eswaran et al., 2006b) . From this, the maximum values of load fraction for the cortical shell and trabecular bone over any transverse section were determined for each vertebral body (Fig. 1) . The maximum trabecular load fraction equivalently represents the minimum cortical shell load fraction (trabecular load fraction = 1-shell load fraction). The relationship between maximum shell load fraction, maximum trabecular load fraction, and shell mass fraction was investigated. The relationships between the stiffness of the trabecular compartment, cortical shell, and the whole vertebra were also determined. The ratio of vertebral stiffness to bone mass and the correlation between vertebral stiffness and bone mass were determined.
An unpaired Student's t-test (JMP 5.0, SAS Institute Inc., Cary, NC) was performed to test treatment effects on the mean values of the outcome variables. The effect of suppressed bone turnover on the various relationships (vertebral stiffness and bone mass;trabecularcompartment, cortical shell, and whole vertebra stiffness; maximum shell load fraction, maximum trabecular load fraction, and shell mass fraction) was tested (slope and intercept) using a generalized linear regression model. A value of p<0.05 was considered significant.
Results
The anterior cortical shell thickness (Ct. Th) and mean trabecular bone thickness (Tb.Th) both significantly increased due to suppression of bone turnover, the effect being two-fold greater on a percentage basis for the cortical shell (23.1%) than for the trabecular bone (11.5%, Table  1 ). There was no significant correlation between average cortical shell thickness and mean trabecular thickness for either control or RIS-suppressed groups indicating that these thickness measures represented independent responses (Fig. 2) . The effect of bone-turnover suppression on the relative amount of cortical vs. trabecular bone mass and the cross-sectional area of the vertebral body did not reach statistical significance (Table 1) .
The mean values of the load sharing outcomes-maximum shell load fraction and maximum trabecular load fraction-were not significantly altered due to suppression of bone turnover (Table 2) . However, the relationship between maximum shell load fraction and shell mass fraction (p intercept = 0.005, p slope = 0.51), was significantly altered by suppression of bone turnover (Fig. 3A) such that for a given shell mass fraction, the maximum shell load fraction of the treated group was lower than that of the control group. The maximum shell load fraction and maximum trabecular load fraction were significantly correlated for the treated group but not for the control group (Fig. 3B ).
Virtual removal of the cortical shell revealed that the trabecular compartment accounted for about two-thirds of the whole-vertebra stiffness (Table 2) . While the change in stiffnesses of the trabecular compartment and whole vertebra were statistically significant, the change in cortical shell stiffness did not reach statistical significance (Table 2 ). There was a nonsignificant trend for the ratio of the trabecular-compartment stiffness to the whole-vertebra stiffness to increase (4.7%, p = 0.11) due to suppression of bone turnover. The regression between cortical shell stiffness and whole-vertebra stiffness was statistically significant for the RIS-suppressed group (p = 0.002), but not for the control group (p = 0.53, Fig. 4 ).
Discussion
Our overall goal was to determine the mechanical consequences of turnover suppressioninduced changes in the cortical shell thickness and trabecular microarchitecture within the canine vertebral body. We deliberately isolated the effects of changes in microstructure by assigning all bone tissue in the two treatment groups the same tissue material characteristics, thereby providing complementary data to the existing experimental data on whole-vertebra treatment effects from the literature. The stiffness for the whole-vertebral body (20.9%, p = 0.02) and the trabecular compartment (26.0%, p = 0.01) increased significantly with suppression of bone turnover, while the change in computed stiffness of the cortical shell was not significant (11.7%, p = 0.15). Regression analysis indicated subtle but significant changes in the relative structural roles of the cortical shell and the trabecular compartment. For a given value of shell mass fraction, the maximum load taken by the shell was lower for the RISsuppressed group as compared to the control group (Fig. 3) . This effect was despite a mean increase in average cortical shell thickness of 23.1% due to suppression of bone turnover, indicating that local variations in cortical shell thickness and trabecular microarchitecture affect the biomechanical response and may not necessarily be captured by "global" metrics such as average cortical shell thickness. Taken together, our results suggest that the overall changes in the compressive stiffness of the canine vertebra were attributable more to the changes in the trabecular compartment than the cortical shell and highlight the importance of such biomechanical studies in order to evaluate the higher-scale biomechanical responses.
The main strength of this study was our use of previously established techniques to identify and measure the average thickness of the cortical shell (Eswaran et al., 2006a, b) , and the use of high-resolution micro-CT-based finite element analysis on whole vertebrae. This allowed us to quantify the relative amount of cortical vs. trabecular bone mass as well as the relative load distribution between the cortical shell and trabecular bone. Homogeneous material properties were assigned to control and suppressed bone, thereby allowing us to isolate the mechanical consequences of suppressed bone turnover due only to changes in cortical shell thickness and trabecular microarchitecture. Another key aspect of this study was the insight made possible by our virtual removal of the cortical shell. This enabled us to extract subtle effects due to the treatment on the relative roles of the cortical shell and trabecular compartment that would otherwise have gone undetected. We also performed a detailed convergence study on a subset of specimens (data on file) that showed comparable results between models with 18 and 36 μm voxel size.
One limitation of this study was the use of a non-osteoporotic animal model, because the effect of suppressed bone turnover may depend on the baseline level of trabecular bone volume fraction, the microarchitecture of the trabecular bone, and the thickness of the cortical shell. Also, we did not address failure behavior since only linearly elastic finite element analyses were performed. The relatively high trabecular bone volume fraction (Table 1) of the control specimens would likely minimize any influence of failure mechanisms associated with large deformations, such as bending or buckling (Gibson, 1985) and thus, the strength trends may differ particularly in very low-density osteoporotic bone. Our analysis used uniform compressive loading via a PMMA layer in order to mimic controlled conditions commonly used in experimental testing of isolated vertebrae (Eriksson et al., 1989; Faulkner et al., 1991; Kopperdahl et al., 2000) . Further research is required to study the effects of treatment on the vertebral body under combined compression and anterior-posterior flexion, including the presence of the disc. These were not undertaken in this canine study, because any such effects are likely specific to the human vertebra given the difference in physiological loading between dogs and humans.
The risedronate dosage was five-times higher than the clinical dose for treatment of postmenopausal osteoporosis and equivalent to the dosage used for treatment of Paget's disease, though the dose regimen was different. As a result, care should be taken in interpreting the results of this study in a clinical context. This study was also limited in its statistical power to detect changes in the vertebral stiffness-bone mass relationship, due in parts to the relatively small sample size and the differences in the range of the explanatory variable (bone mass) for the control and suppressed groups. While this study focused on the effects of treatment-induced changes in the microstructure, there may be differential effects of treatment on the tissue-level material properties of cortical and trabecular bone. At this juncture, there are limited data available in the literature in this regard. If the tissue-level material properties of cortical and trabecular bone exhibit the same changes, then the results of this study remain unchanged. Since bisphosphonate treatment does not affect periosteal osteoblast activity (Allen et al., 2006a) , it is possible that the trabecular tissue may become more mineralized than cortical tissue with treatment. In such a scenario, the effect of treatment on the stiffness of the trabecular compartment would increase (from the current 26.0%) and the trabecular compartment would be a greater contributor to the increased stiffness of the whole-vertebral body than the one reported in this study.
Comparison of the shell mass fraction and load-sharing outcomes from this study with previous data on elderly female human vertebrae (Eswaran et al., 2006b ) (age = 75±9 years) indicated a similarity in the load-sharing characteristics (Fig. 5) . However, the ratio of stiffness of the trabecular compartment to the stiffness of the whole vertebra for the canine model (0.64±0.05) was substantially higher than that for the human vertebra (0.48±0.09) (Eswaran et al., 2006a) . This trend may be attributable to the differences in trabecular spacing between the canine (0.39 ±0.03 mm, Table 1 ) and human vertebra (0.80± 0.13 mm, (Ulrich et al., 1999) ). Virtual removal of the cortical shell results in unloading of the peripheral trabeculae and leads to an underestimation of the contribution of the trabecular compartment to the whole-vertebral stiffness (Eswaran et al., 2006a) , an effect which would be greater in models having larger trabecular spacing (Un et al., 2006) .
Clinically, the cortical shell may be an important component in the etiology of spine fractures (Melton et al., 2007) . In that context, this study-to the best of our knowledge-is the first to measure the effects of suppressed bone turnover on the cortical shell thickness in the canine vertebral body and quantify the relative structural roles of the cortical shell and trabecular bone. Previous analyses on trabecular bone cores from canine vertebra have found that strength increases due to suppression of bone turnover were entirely commensurate with increase in bone volume fraction (Eswaran et al., 2007; Allen and Burr, 2008) and that there was no net effect of treatment on the tissue-level elastic modulus (Day et al., 2004) . Our results suggest that the overall effects of treatment on the vertebral body were dominated by changes in the trabecular compartment. These data are consistent with the previous results that bisphosphonates had no significant effect on periosteal osteoblast activity of the rib (Allen et al., 2006a) and hence, the treatment effects on the vertebral strength are largely due to their effect on remodeling-associated formation activities-such as those on endocortical and trabecular envelopes-rather than on modeling-associated formation activities-such as those on periosteal surfaces. Our results are-to some extent-consistent with a clinical study involving alendronate treatment in osteoporotic women which found, using parametric studies, that the FE-measured (typical element size of 1 mm) increases in trabecular strength were comparable to those in whole-vertebral strength. In this study, we found that treatment resulted in a 26.0% increase in trabecular stiffness as compared to a 20.9% increase in whole-vertebral stiffness. Differences in results may be due to the differences in canine vs. human physiology and vertebral structure, treatments, and/or, analysis techniques. In summary, our results suggest that, at least for the spine, the effect of high-dose risedronate treatment on canine whole-vertebra structural behavior is largely through changes in the trabecular compartment. Such biomechanical studies can provide unique insight into higherscale effects such as the biomechanical responses of the whole vertebra. Left: Sagittal slice of a control-and RIS-suppressed vertebra with the cortical shell identified in the region excluding the endplates. Right: Typical variation of the load sharing between cortical shell and trabecular bone across transverse slices of the vertebral body in the region excluding the endplates. (A) Variation of maximum shell load fraction with shell mass fraction for the control and suppressed groups showing that there was a significant change in the intercept of the regression due to suppression of bone turnover (p intercept = 0.005, p slope = 0.51). (B) The regression between the maximum shell load fraction and maximum trabecular load fraction was statistically significant for the RIS-suppressed group (p = 0.01), but not for the control group (p = 0.06). The relationship between whole-vertebra stiffness and trabecular-compartment stiffness (A) was not altered (p intercept = 0.91, p slope = 0.22) by suppression of bone turnover. The regression between whole-vertebra stiffness and cortical shell stiffness (B) was statistically significant for the RIS-supressed group (p = 0.002), but not for the control group (p = 0.53). Note that stiffness measures were computed assuming a constant tissue-level elastic modulus for control and suppressed groups. The mean values of the maximum load fraction taken by the shell and trabecular bone, and the shell mass fraction of the canine vertebral body were similar to those of elderly female human vertebrae (Eswaran et al., 2006b) , supporting the use of the canine model for these outcomes. Table 1 Comparison of the trabecular microarchitecture, average thickness of the cortical shell, and bone mass measurements made using micro-CT between the control-(n = 8) and RIS-suppressed (n = 9) groups. Mean±SD.
a Percent difference calculated with respect to the control means.
b Difference between the control and suppressed groups, Student's t-test.
